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Membrane-bound O-acyl transferaseThe post-translational palmitoylation of WNT morphogens is critical for proper signaling during
embryogenesis and adult homeostasis. The addition of palmitoyl groups to WNT proteins is cata-
lyzed by Porcupine (PORCN). However, the Wnt amino acid residues required for recognition and
palmitoylation by PORCN have not been fully characterized. We show that WNT1 residues
214–234 are sufﬁcient for PORCN-dependent palmitoylation of Ser224. Substitution of Ser224 with
Thr, but not Cys, is tolerated in palmitoylation and biological assays. Our data highlight the impor-
tance of palmitoylation for WNT1 activity and establish PORCN as an O-acyl transferase for WNT1.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Background
Wnt morphogens are concentration-dependent paracrine sig-
naling proteins that play key roles in embryonic development
and adult homeostasis [1–5]. Wnts undergo several post-transla-
tional modiﬁcations including cleavage of the signal peptide
[6,7], sulfation [8], glycosylation [7,9–17], and fatty acylation
[9,11,18–23]. Whereas the sulfation of Wnts on tyrosine residues
controls their assembly into dimers (or higher order complexes)
[8], the type and extent of N-linked glycosylation inﬂuence Wnt
secretion [7,9–17]. The addition of mono-unsaturated palmitic acid
(palmitoylation) is required for proper gradient formation and bio-
logical activity [9,11,18–23]. Though the exact mechanism by
which palmitoylation promotes gradient formation is not known,
palmitoylation-deﬁcient Wnts are primarily retained in the endo-
plasmic reticulum and are secreted to a much lesser extent com-
pared to their wild-type counterparts [19,21,23,24]. This defect
in secretion might be explained by the observation that palmitoy-
lation of Wnt is required for recognition by Wntless (WLS), a cargo
protein thought to be involved in transporting Wnt through thesecretory pathway [25–29]. Moreover, palmitoylation promotes
Wnt-receptor interactions and signaling at the cell surface
[10,30]. The recent X-ray crystal structure for Xenopus WNT8
(XWNT8) in complex with its receptor, mouse Frizzled 8 (mFZD8)
revealed that the palmitate group on Wnt makes a signiﬁcant con-
tact along a hydrophobic groove on mFZD8; this interaction
enhances the afﬁnity of XWNT8 for mouse mFZD8 [30]. The impor-
tance of palmitoylation for Wnt secretion and signaling prompted
us to explore the biochemistry of this modiﬁcation.
Bioinformatic studies in combination with experimental
evidence suggest that Porcupine (PORCN), a member of the
membrane-bound O-acyl transferase (MBOAT) superfamily, is the
enzyme responsible for palmitoylating Wnts [9,18,19,21,23,31,
32]. Consistent with the requirement of PORCN for Wnt signaling,
mice lacking PORCN or WNT3, the earliest acting Wnt family mem-
ber, die during gastrulation [31,33–37]. The importance of PORCN
is further demonstrated by the ﬁnding that mutations in human
PORCN cause Focal Dermal Hypoplasia (FDH), a rare X-linked dom-
inant syndrome that affects tissues of mesodermal and ectodermal
origin [38,39]. Multiple functionally important PORCN residues
have already been identiﬁed in patients with FDH [40].
The investigation of PORCN speciﬁcity for fatty acyl substrates
[9,19,30] revealed a preference for mono-unsaturated fatty acids
ranging in length from thirteen to sixteen carbons [9,19,20,30].
However, little is known about the protein substrate speciﬁcity
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PORCN-dependent palmitoylation of Wnt. Mass spectrometry,
X-ray crystallography and biochemical studies established that a
conserved serine residue is the site of palmitoylation for WNT3A
(S209) and WNT8 (S187) [9,21,30], yet it is not known if PORCN
exclusively acylates serine residues. The contribution of neighbor-
ing amino acids to the palmitoylation site also remains unclear. In
this study, we investigate the WNT1 residues required for efﬁcient
palmitoylation by PORCN and assess the biological activity of
WNT1 S224A, S224C and S224T variants in cell culture and in vivo.2. Materials and methods
We thank Randy Moon for supplying Super8xTopﬂash and
Super8xFopﬂash [41]. We thank Andy McMahon for supplying
pCIG [42], Elena Frovola for partial chick Wnt1 cDNA, and
Tatsuhiko Kadowaki for mPORCND [43].2.1. Materials
Materials and their respective vendors are as follows: sucrose,
fast green (Fisher); Sodium Azide (VWR); DMEM, 200 mM L-Gluta-
mine, 100 Penicillin/Streptomycin, PBS, Trypsin EDTA (Cellgro);
Fetal Bovine Serum (Hyclone or Atlanta Biologicals); TX-100, PMSF
(Roche); diamino 2-phenyl indole (DAPI), Tween-20, Tyrode’s
solution, leupeptin, aprotinin, carboxymethylcellulose sodium salt,
DMSO, fatty acid free BSA#A8806, TCEP Tris(2-carboxyethyl)
phosphine hydrochloride, TBTA Tris[(1-benzyl-1H-1,2,3-triazol-
4-yl)methyl]amine, Copper Sulfate (Sigma); OCT (Tissue tek);
pcDNA3.1()A, slowfade gold light anti-fade kit, dialyzed serum
#26400-036, Biotin Azide (Invitrogen); paraformaldehyde
(Electron Microscopy Sciences); Fugene HD Transfection Reagent,
Dual Luciferase Reporter Assay System (Promega); Fertile eggs
(Rhode Island Red; Petaluma Farms); HEK293T (DSHB); 3H-palmitate
(MP Biomedicals); Protein A/G agarose beads, Halt protease and
phosphatase inhibitor cocktail (Pierce); Immobilon-FL, Immobi-
lon-P (Millipore); En3Hance (Perkin Elmer).2.2. Constructs
The full-length sequence for chickWNT1 has not been reported.
Therefore, we fused sequences encoding the mouse WNT1 signal
peptide to the available chick WNT1 sequence [18,44]. As the
mature proteins should be entirely chick derived, we refer to this
construct as chick WNT1.
Single nucleotide point mutations (resulting in S224A, S224C,
and S224T substitutions) were introduced into full length WNT1
by overlap extension using PCR [45]. All sequences were conﬁrmed
by sequencing. Wild-type and mutant WNT1 cDNAs were sub-
cloned into the pCIG expression vector. This vector drives the
expression of a single bi-cistronic transcript, which encodes the
protein of choice (in this case, WNT1) and a nuclear variant of
Green ﬂuorescent protein (GFP) [42]. These cDNAs were also sub-
cloned into pCDNA 3.1 for expression in HEK293T cells.
We also generated a cDNA encoding a fusion protein, which was
comprised of WNT1 (residues 1–34) at the N-terminus fused in
frame to full-length GFP and WNT1 (residues 209–239). The C-ter-
minus was comprised of the Fc region of human IgG. Shorter ver-
sions of this construct included sequences encoding WNT1
residues 214–234 and 219–229 in place of residues 209–239.
Mutations encoding S224A, S224C, and S224T variants were
generated as above. These fusion proteins were subcloned into
pCDNA 3.1 for expression in HEK293T cells.2.3. Antibodies
Mouse anti-chick WNT1 5F1-G11-D1 was used for western
blots (1/10) while mouse anti-chick WNT1 7B3-A10-F9 was used
for immunoprecipitations (1/4). Both antibodies were made in
the Burrus lab [18]. Mouse anti-GFP JL-8 (Clontech) (immunopre-
cipitation 1/750, colorimetric Western blot 1/1500, ﬂuorescent
western blot 1/15000); Rabbit anti-Phospho Histone H3 (ser10)
(Millipore) (1:1000 dilution); IRDye800 conjugated streptavidin
(Licor) (1/5000); Alexa Fluor 680 Goat Anti-Mouse (Invitrogen)
(1/4000); Goat anti mouse Cy2, Goat anti mouse Cy3, Goat anti-
Rabbit DyLight649 (Jackson Immunoresearch Labs) (1/200); mouse
anti-Islet1 conditioned media (Developmental Studies Hybridoma
Bank) (1:20).
2.4. Cell culture
HEK293T cells were grown in standard medium (DMEM with
10% fetal bovine serum, 4 mM L-glutamine, and 1 penicillin/
streptomycin) on 100 mm plates in humidiﬁed incubators set to
10% CO2.
2.5. Palmitoylation assays
Two different palmitoylation assays were employed in
these studies. The differences in these assays simply reﬂect the
timing of their development. For the ﬁrst, HEK293T cells were
transiently transfected with WNT1, spGFP:WNT1 (209–239), or
spGFP:WNT1 (209–239) S224A using the FUGENE HD transfection
kit (Promega) according to standard protocol. Cells were
metabolically labeled with 3H-palmitate for 5–8 h. Antibodies
against WNT1 or GFP were used to immunoprecipitated proteins
from cell lysates as previously described [19]. After separation by
SDS–Polyacrylamide Gel Electrophoresis (SDS–PAGE), gels were
electroblotted onto PVDF, treated with En3Hance and subjected
to autoradiography at 80 C with an intensifying screen for
3–4 months.
For the second assay, HEK293T cells were seeded in a 6-well
plate, incubated overnight, and co-transfected with 1.65 lg of pCDNA
3.1 encoding wild-type and mutant spGFP:WNT1 (209–239):Fc
fusions along with 1.65 lg of pCDNA 3.1 encoding eGFP (as ﬁller)
or mPORCND using the FUGENE HD transfection kit (Promega)
according to standard protocol. x-Alkyne palmitic acid (Alk-C16)
was synthesized as previously described [46] and used to
metabolically label HEK293T cells [9,47]. After metabolic labeling
of cells with Alk-C16 for 20–24 h [48], Fc containing proteins were
immunoprecipitated with Protein A/G beads [49]. Proteins retained
on the beads were subjected to click chemistry with biotin
azide before separation by SDS–PAGE and analysis by Western
blot [9,47]. Western blots were probed with IRDye800 conjugated
streptavidin, and anti-GFP or anti-WNT1 antibodies followed by
goat Alexa Fluor 680-conjugated anti-mouse secondary antibody.2.6. 8xSuperTopFlash Wnt signaling assay
HEK293T cells were transfected with pCDNA3.1 expression
constructs encoding wild-type and variant WNT1 proteins [19].
DNA quantities used in transfections are as follows: pcDNA3.1 GFP,
pcDNA3.1 cWNT1, pcDNA3.1 cWNT1S224A, pcDNA3.1 cWNT1S224C,
and pcDNA3.1 cWNT1S224T at 0.25 lg/well; Super8xTopFlash or
Super8xFopFlash at 0.01 lg/well; RL-CMV at 0.01 ng/well. Cells
were incubated overnight, lysed and measured as per Promega
Dual-Luciferase Reporter Assay protocol. Luciferase measurements
were carried out in a TD-20/20 luminometer.
Fig. 1. Schematic of the base constructs used in our studies. For these studies we made constructs encoding full-length WNT1 as shown (as per the methods section, mouse
sequences encoding residues 1–63 were appended to chick sequencing encoding residues 64–370). After cleavage of the signal peptide between residues 27 and 28
(demarcated by a white line), residues 29–63 are from mouse WNT1 while the residues 64–370 are from chick WNT1. Consensus glycosylation sequences are shown by Y’s.
The position of the palmitoylated serine residue (S224) is indicated by a black vertical line. This residue was altered in additional constructs encoding variants with S224A,
S224C, and S224T mutations (not shown). We also generated an spGFP:WNT1 (209–239) fusion protein, which consists of amino acids 1–34 of mouse WNT1 at the
N-terminus. This sequence encodes the signal peptide, the signal peptide cleavage site, and one glycosylation site (N29). The middle of the fusion protein consists of GFP while
the C-terminal ends consists of a short chick WNT1 sequence (209–239) surrounding the palmitoylated serine residue. A parallel fusion protein with the S224A mutation was
also made. Lastly, to facilitate our studies in which we used click chemistry to detect WNT1 palmitoylation, we generated a fusion protein in which spGFP:WNT1 (209–239)
was fused to the Fc region of human IgG. Again, variants of this protein include S224A, S224C, and S224T substitutions (not shown). We also generated a series of fusions
encoding shorter WNT1 sequences surrounding S224 (not shown).
Fig. 2. spGFP:WNT1 (209–239) is palmitoylated in a PORCN-dependent manner.
HEK293T cells were co-transfected with WNT1 or spGFP:WNT1 (209–239) along
with GFP (control) or PORCN. Cells expressing WNT1 (full length or the spGFP:Wnt1
(209–239) fusion protein) were metabolically labeled with 3H-palmitate. Full
length WNT1 was immunoprecipitated with anti-WNT1 antibodies while the fusion
protein was immunoprecipitated with anti-GFP antibodies. Proteins were separated
via SDS–PAGE, electroblotted onto a PVDF membrane, treated with En3Hance
reagent, and subjected to autoradiography for 3 months. (A) PORCN promotes the
incorporation of 3H-palmitate into full length WNT1 and spGFP:WNT1 (209–239).
3H-palmitate is incorporated into monoglycosylated (upper band) and non-glycos-
ylated (lower band) spGFP:WNT1 (209–239). No 3H palmitate was incorporated
into the S224A variant of the spGFP:WNT1 fusion protein. The Western blot of
immunoprecipitated WNT1 and spGFP:WNT1 shows that the levels of these
proteins are relatively constant in the presence and absence of co-transfected
PORCN. (B) The amount of 3H-palmitate incorporated into total cell lysates was
equivalent. Due to the lengthy exposures required, this experiment was carried out
only twice.
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Fertile eggs (Petaluma Farms) were incubated at 37 C between
48–52 h to HH12–14 chick embryos. Before injecting the posterior
spinal cord with a mixture of methylcellulose, fast green, and DNA,
a thin strip of paraﬁlm was placed on both sides of the embryos,
leaving only the neural tube exposed for electroporation. The elec-
trodes were placed on top of the paraﬁlm to lessen damage to the
embryo. Electroporations were performed with nail polish-coated
platinum electrodes placed at either side of the neural tube, and
four 50 ms pulses at 45 V were applied to transfect DNA. DNA
was transfected into cells on one side of the neural tube as a result.
Successfully electroporated embryos were incubated to 48hrs later
to observe gene expression, then harvested at HH20–22 and ﬁxed
in PBS containing 4% paraformaldehyde.
2.8. Immunostaining
Fixed embryos were prepared for embedding by immersion in
sucrose gradient solutions containing sodium azide. Fixed embryos
were embedded using Tissue Tek OCT and transverse sections
(10 lm thick) were acquired using a Leica Cryostat. Sections were
subjected to immunostaining with the anti-phospho histone H3
antibody to monitor proliferation and the Islet1 antibody to assess
the speciﬁcation of DI3 interneurons and motor neurons. Sections
were stained with DAPI to visualize nuclei.
2.9. Confocal microscopy
Single-slice or stacked images of tissue sections were obtained
using a Zeiss LSM710 confocal microscope, using a 20 V objective
at 0.9 digital zoom to obtain representative spinal cord images,
and using a 40 oil objective at 0.6 digital zoom to obtain cell
count images. GFP was visualized using an argon 488-nm line,
Cy3 was visualized using a HeNe 543-nm line, Dy649 was visual-
ized using a HeNe 633-nm line, and DAPI was visualized using a
diode 405-nm line. Final images were processed in Adobe
Photoshop.
Fig. 3. Glycosylation promotes, but is not absolutely required for Wnt1 palmitoy-
lation. HEK293T cells were co-transfected with Fc fusion constructs encoding wild-
type spGFP:WNT1 (209–239) or mutant spGFP:WNT1 (209–239) bearing a N29A
mutation, along with GFP (control) or PORCN. The N29A mutation in the Fc fusion
protein generates a non-glycosylated variant [19]. Cells were metabolically labeled
with DMSO carrier ( Alk-C16) or Alkyne-palmitate (+ Alk-C16) for 24hrs, lysed,
and precipitated with protein A/G beads [49]. The beads were then subjected to
click chemistry with biotin-azide and then separated by SDS–PAGE and analysis by
Western Blot [48]. Western Blots were probed with an anti-GFP antibody followed
by Alex680-conjugated secondary (red) and IRDye800-conjugated streptavidin
(green). The blot was scanned using a Licor Odyssey CLX scanner. (A) In the
presence of PORCN, the glycosylation deﬁcient variant N29A is palmitoylated, albeit
at reduced levels. (B) Quantiﬁcation of relative amounts of palmitate labeled-
spGFP:Wnt1:Fc and total spGFP:Wnt1:Fc allows us to conclude that while
glycosylation does promote palmitoylation, it is not an absolute prerequisite. Data
shown are the average of two (N29A) or four (wild-type) independent replicates.
Error bars represent +/ standard error. A Student’s t-test was used to assess
statistical signiﬁcance.
Fig. 4. PORCN promotes the palmitoylation of serine and threonine, but not
cysteine residues. HEK293T cells were co-transfected with constructs encoding
wild-type and variant spGFP:WNT1 (209–239) fusion proteins. The variants
possessed S224A, S224C, or S224T substitutions. Cells were metabolically labeled
with DMSO carrier ( Alk-C16) or Alkyne-palmitate (+ Alk-C16) for 24hrs. After
lysis, Fc containing proteins were precipitated with protein A/G beads. Proteins
adhered to the beads were then subjected to bio-orthogonal click chemistry with
biotin-azide and then separated by SDS–PAGE and analysis by Western Blot.
Western blots were probed with anti-GFP followed by Alex680-conjugated
secondary antibody (red) and IRDye800-conjugated streptavidin (green). Blots
were scanned using a Licor Odyssey CLX scanner. (A) Overexpression of PORCN in
the presence of Alk-C16 promotes the incorporation of Alkyne-palmitate into the
wild-type and S224T versions of spGFP:WNT1 (209–239). The S224A and S224C
variants do not incorporate Alkyne palmitate. (B) Quantitation of relative amounts
of incorporated palmitate (800 nm) and GFP (700 nm) shows that PORCN can
indeed promote the lipid modiﬁcation of threonine, but to a lesser degree than for
the wild-type protein. Data shown are the average of three independent replicates.
Error bars represent +/ standard error. A Student’s t-test was used to assess
statistical signiﬁcance.
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Single-slice images were used for quantiﬁcation of proliferative
cells, DI3 interneurons, and MNs. The Automatic Nuclei Counter
plug-in for ImageJ was extended and used to automate the process
of counting cells. Images were processed in Adobe Photoshop,
Adobe Illustrator, and ImageJ to enable cell counting by the ImageJ
software. Data were analyzed using a two-tailed unpaired Stu-
dent’s t-test.
2.11. Cross-species alignment of Wnt sequences surrounding the
palmitoylation site
Wnt sequences were aligned using Clustal Omega (version
1.2.1) [50,51]. The accession numbers for sequences used in ouralignment are as follows: chick WNT1 (AY753286), mouse WNT1
(NM_021279), mouse WNT3A (NM_009522), Xenopus laevis
WNT8 (NM_001088168), zebraﬁsh WNT1 (NM_001201398), Dro-
sophila melanogaster WG (NM_078778), Caenorhabditis elegans
EGL-20 (NM_069353), Amphimedon queenslandica (sponge) WNT
(EU285557), Aurelia aurita (moon jelly) WNT1 (KC341730), Sea
Urchin WNT1 (NM_001123500), Amphioxus WNT1 (AF061974),
Leech WNT1 (GU289716), Sea squirt WNT (AB210617), and Arctic
lamprey (KF318011). Because the chick WNT1 sequence is a partial
sequence, the numbering shown in the alignment does not reﬂect
the actual position of the amino acid in the full-length protein
(S181 in the alignment = S224 in the presumed full length protein).
Further, our sequencing tells us that the amino acid at position 227
in the full-length protein (184 in the alignment) is a cysteine
instead of an arginine residue. Thus, we made this substitution in
our alignment.
Fig. 5. Wnt1 S224T is biologically active in an 8X SuperTopFlash Assay. HEK293T
cells were co-transfected with GFP, WNT1, WNT1S224A, WNT1S224C, or
WNT1S224T; Super8xTopFlash or Super8xFopFlash bearing mutated TCF binding
sites; and Renilla Luciferase. Cells were incubated overnight, lysed, and assayed for
the ratio of Firely Luciferase to Renilla Luciferase using a Dual-Luciferase Reporter
Assay. Luciferase measurements were performed using a TD-20/20 luminometer.
Over-expression of Wnt1 and Wnt1 S224T activated the TopFlash reporter, while
Wnt1S224A and Wnt1S224C did not. Data shown are from 3 to 9 independent
experiments. Each independent experiment had 5 replicates. Error bars represent
+/ standard error. A Student’s t-test was used to assess statistical signiﬁcance.
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3.1. Generation of a fusion protein that is palmitoylated in a PORCN-
dependent manner
Previous studies from our lab demonstrated that PORCN pro-
motes the hydrophobic modiﬁcation of a secreted GFP variant
fused to a 31 amino acid WNT1 sequence, which ﬂanks the serine
residue (S224) known to be palmitoylated in full length Wnts
(Fig. 1, [19]). To conﬁrm that the increased hydrophobicity of this
fusion protein was indeed caused by an increase in palmitoylation,
we co-transfected HEK293T cells with full length WNT1 (as a
positive control) or the spGFP:WNT1 (209–239) fusion protein
along with PORCN or empty vector (control). After labeling the
cells with 3H-palmitate, WNT1 and spGFP:WNT1 (209–239) were
immunoprecipitated, separated via SDS–PAGE and then detected
by autoradiography (Fig. 2). As expected, PORCN promoted the
palmitoylation of full-length WNT1 (Fig. 2A). Though the observed
signal is weak, it is consistent with the relatively low levels of
WNT1 expression (Fig. 2A). PORCN also promoted the palmitoyla-
tion of the spGFP:WNT1 (209–239) fusion protein, indicating that
this WNT1-derived short polypeptide serves as a substrate for
PORCN-dependent palmitoylation (Fig. 2A). The lack of incorpora-
tion of 3H-palmitate into spGFP:WNT1 (209–239) S224A in the
absence or presence of PORCN co-expression is consistent with
the hypothesis that S224 is the site of palmitoylation. As a control,
we show consistent levels of palmitoylation in the total cell lysates
for all samples (Fig. 2B).
3.2. Glycosylation promotes, but is not required for, the palmitoylation
of WNT1
The migration of spGFP:WNT1 (209–239) as two bands is con-
sistent with previous studies demonstrating that this fusion pro-
tein is glycosylated on N29 (Fig. 2, UPPER PANEL) [19]. Here, we
observe that the non-glycosylated (lower molecular weight) andthe mono-glycosylated (higher molecular weight) WNT1-derived
fusion peptides both incorporated 3H-palmitate, consistent with
recent studies on WNT3A showing that glycosylation is not
required for the protein’s palmitoylation [9].
To further assess if glycosylation plays a role in PORCN-depen-
dent Wnt palmitoylation, we used click chemistry to compare the
degree of palmitoylation of a spGFP:WNT1 (209–239):Fc fusion
with a variant in which the glycosylated asparagine was substi-
tuted with an alanine (N29A). Cells transfected with PORCN and
spGFP:WNT1 (209–239):Fc or the spGFP:WNT1 (209–239):Fc
N29A mutant were labeled with DMSO (carrier) or x-alkyne-pal-
mitic acid (Alk-C16) before lysis. Fusion proteins precipitated using
Protein A/G beads were then subjected to a bio-orthogonal click
chemistry reaction with biotin-azide. This reaction generates a
covalent linkage between the alkyne and azide moiety. Proteins
were then analyzed by western blot with an anti-GFP antibody
(red) and streptavidin-ﬂuorophore (green). In contrast to the stud-
ies above, the non-glycosylated and monoglycosylated forms of the
Fc fusion constructs appear as a single band in this experiment
(Fig. 3A). This was not unexpected as the MW of the fusion protein
with the Fc tag used here is signiﬁcantly larger than that of the
fusion protein (lacking Fc tag) used above in Fig. 2. This difference
in size likely contributed to the lack of resolution for the two differ-
entially glycosylated forms of the fusion peptide. Our analysis
shows that the glycosylation-deﬁcient variant (N29A) displays
roughly half of the level of palmitoylation observed in the glycos-
ylated spGFP:WNT1 (209–239):Fc version (Fig. 3B). Thus, we con-
clude that even though glycosylation of distal sequences is not
required for the palmitoylation of WNT1, it seems to promote
palmitoylation.
3.3. PORCN is an O-acyl transferase with speciﬁcity to serine and
threonine, but not cysteine, residues
Palmitoyl acyltransferases are known to acylate cysteine, serine,
and threonine residues [52]. To test whether PORCN fatty acylates
these residues, we co-transfected HEK293T cells with constructs
encoding PORCN and spGFP:WNT1 (209–239):Fc fusions bearing
S224A, S224C or S224T substitutions. Consistent with previous
results [19], quantiﬁcation of the amount of palmitate labeled
spGFP (209–239):WNT1:Fc as compared to total spGFP
(209–239):WNT1:Fc revealed that PORCN did not promote the
palmitoylation of the S224A nor the S224C variants (Fig. 4A and
B). Interestingly, PORCN-dependent lipid modiﬁcation was
observed in the S224T variant, albeit to lower levels compared to
the wild-type protein (Fig. 4A and B), indicating that PORCN
catalyzes the transfer of fatty acids onto threonine residues.
Overall, our data are consistent with a model in which PORCN acts
as an O-acyl transferase and not an S-acyl transferase.
3.4. WNT1. S224T retains biological activity in cultured cells
To test whether the palmitoylation of WNT1 is correlated with
its biological activity, we compared the ability of WNT1 S224A,
WNT1 S224C, and WNT1 S224T to induce signalling in HEK293T
cells, as measured by 8X SuperTopFlash reporter assay, which
assesses b-catenin-dependent signaling [41]. Non-palmitoylated
Wnt variants (S224A and S224C) showed lack of biological activity
as compared to wild-type WNT1 (Fig. 5). By contrast, the WNT1
S224T variant promoted signaling via the b-catenin-dependent
pathway and exhibits roughly 50% of the activity of wild-type
WNT1 (Fig. 5). These results highlight the importance of palmitoy-
lation for Wnt biological activity and suggest that serine to threo-
nine mutations could be tolerated in vivo. Interestingly, Moon Jelly
Wnt contains a threonine residue instead of serine (see sequence
alignment in Fig. 8A), consistent with our observations that that
Fig. 6. Overexpression of wild-type Wnt1 and Wnt1S224T signiﬁcantly promote cell proliferation in the developing spinal cord. HH stage 11–14 chick embryos were
electroporated with pCIG, pCIG.WNT1, pCIG.WNT1 S224A, pCIG.WNT1 S224C, or pCIG.WNT1 SS24T and harvested at HH stage 20–22. Transverse sections from embryos were
stained with anti-phosphohistone H3 to mark proliferative cells and DAPI to mark cell nuclei. After collecting images via confocal microscopy, each image was cut into left
and right halves using NIH Image J. Cells were counted as described in materials and methods. A ratio was generated comparing cell proliferation on the experimental (right,
electroporated) side cell to that on the control (left, non-electroporated) side. (A, D, G, J, M) Merged images of electroporated spinal cords visualized with GFP (green), anti-
phospo histone H3 antibodies (red) and DAPI (blue) to mark electroporated cells, proliferative cells and cell nuclei, respectively. (B, E, H, K, N) Expression of GFP in spinal cords
electroporated with pCIG, pCIG.WNT1, pCIG.WNT1 S224A, pCIG.WNT1 S224C, or pCIG.WNT1 S224T. (C, F, I, L, O) Expression of PH3 marker in spinal cords electroporated with
pCIG, pCIG.WNT1, pCIG.WNT1 S224A, pCIG.WNT1 S224C, or pCIG.WNT1 S224T. (P) The total number of PH3+ proliferative cells was normalized back to the total number of
cells to yield the fraction of proliferative cells on the experimental and control sides of the spinal cord. Values reported on the Y axis are the fraction of proliferative cells on
the experimental side divided by that on the control side. N = number of embryos analyzed while and n = number of sections. Error bars represent +/ standard error.
A Student’s t-test was used to assess statistical signiﬁcance.
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culture and in vivo (see below).
3.5. WNT1. S224T is biologically active in the developing spinal cord
To test the role of WNT1 palmitoylation in vivo, we compared
the biological activity of the WNT1 S224A, Wnt S224C, and
WNT1 S224T variants to wild-type WNT1 in the developing spinal
cord. As overexpression of WNT1 is well known to promote prolif-
eration in the spinal cord [42,53], we ﬁrst tested the ability of wild-
type and mutated WNT1 to promote proliferation. Consistent with
previous reports, electroporation of chick embryos with
pCIG.WNT1 (expressing WNT1 and GFP) stimulates proliferation
in the spinal cord as compared to pCIG (GFP) alone (Fig. 6). As
predicted, neither pCIG.WNT1 S224A nor pCIG.WNT1 S224C have
a signiﬁcant effect on proliferation (Fig. 6). WNT1 S224T, on the
other hand, shows proliferative activity that is indistinguishable
from wild-type WNT1 (Fig. 6).
Overexpression of WNT1 also causes an expansion of dorsal
interneurons at the expense of ventral neuronal subtypes, includ-
ing motor neurons (MNs) [54]. Therefore, we tested the effect of
wild-type WNT1 and the two variants on the speciﬁcation of DI3
interneurons and MNs. Consistent with previous work [54], elec-
troporation of embryos with pCIG.WNT1 signiﬁcantly enriched
the DI3 population as compared to pCIG alone (Fig. 7). By contrast,the percent of DI3 interneurons in embryos electroporated with
WNT1 S224A was indistinguishable from control embryos
(Fig. 7). Despite the inability of PORCN to palmitoylate a cysteine
residue, WNT1 S224C showed a dramatic inhibitory effect
(Fig. 7). Though the underlying mechanism for this reduction is
not yet known, we suspect that the formation of higher order olig-
omers due to inappropriate disulﬁde bridges might be involved.
Most importantly, however, electroporation of WNT1 S224T
mimicked the effects of wild-type WNT1.
Similar trends were observed for MNs. Whereas expression of
WNT1 and GFP reduced the overall percentage of MNs as com-
pared to GFP alone (Fig. 6), neither WNT1 S224A nor WNT1S224C
decreased the speciﬁcation of MNs (Fig. 6). Again, overexpression
of WNT1 S224T recapitulated the effects of wild-type WNT1
(Fig. 6). In sum, these data suggest that the S224T mutation is
tolerated in vivo.
3.6. Determining the minimal length of the WNT1 substrate required
for PORCN-dependent palmitoylation
To assess the conservation of residues surrounding the site of
palmitoylation, we performed a Clustal Omega cross-species align-
ment of the sequences surrounding S224 frommultiple Wnt family
members (Fig. 8A). This alignment shows only six absolutely con-
served residues in the31-residuepeptideﬂanking thepalmitoylated
Fig. 7. Wnt1S224T mimics wild-type Wnt1 neuron speciﬁcation activity in the developing spinal cord. HH stage 11–14 chick embryos were electroporated with pCIG,
pCIG.WNT1, pCIG.WNT1 S224A, pCIG.WNT1 S224C, or pCIG.WNT1 SS24T and harvested at HH stage 20–22. Transverse sections from embryos electroporated with pCIG,
pCIG.WNT1 wild-type, pCIG.WNT1 S224A, pCIG.WNT1 S224C, and pCIG.WNT1 SS24T were stained with Islet1 to mark dI3 interneuron (dorsal) and motor neurons (ventral)
and DAPI to mark cell nuclei. After collecting images via confocal microscopy, each image was cut into left and right halves using NIH Image J. A cell count program was run on
all populations (DAPI, Islet1) on each half. A ratio was generated comparing the number of Di3 interneurons or motor neurons on the experimental (electroporated) side cell
to that on the control (non-electroporated) side. (A, D, G, J, M) Merged images of electroporated spinal cords visualized with GFP (green), anti-Islet1 immunostaining (red) and
DAPI (blue) to mark electroporated cells, neuron subtypes (DI3 is dorsal, MNs are ventral), and cell nuclei, respectively. (B, E, H, K, N) Expression of GFP in spinal cords
electroporated with pCIG, pCIG.WNT1, pCIG.WNT1 S224A, pCIG.WNT1 S224C or pCIG.WNT1 S224T. (C, F, I, L, O) Expression of Islet1 marker in spinal cords electroporated
with pCIG, pCIG.WNT1, pCIG.WNT1 S224A, pCIG.WNT1 S224C, or pCIG.WNT1 S224T. (P) The total number of neuron subtypes was normalized back to the total number of
cells and reported as fraction of Islet1+ cells (DI3s dorsally and MNs ventrally) on the experimental and control sides of the spinal cord. Values reported on the Y axis are the
fraction of DI3 or MNs on the experimental side divided by that on the control side. N = number of embryos analyzed while and n = number of sections: pCIG alone (N = 3,
n = 35); WNT1 (N = 7, n = 71); WNT1 S224A (N = 8, n = 68); WNT1 S224C (N = 4 n = 55); and WNT1 S224T (N = 3, n = 68). Error bars represent +/ standard error. A Student’s
t-test was used to assess statistical signiﬁcance. Abbreviations are as follows: ISL1 = Islet1; DI3 = dorsal interneuron 3; and MN = motor neurons.
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residue peptide retains all of these conserved residues while an 11-
residue peptide lacks the two outer cysteines. In XWNT8, the four
cysteine residues form two disulﬁde bridges that result in the serine
residue being fully exposed [30]. Based on the conservation of these
cysteine residues, we predict that chickWNT1 has a similar second-
ary structure (Fig. 8B).
To determine the minimal length of the polypeptide chain sur-
rounding the WNT1 S224 residue which that is sufﬁcient for palm-
itoylation, we generated constructs encoding spGFP:WNT1 and
spGFP:WNT1:Fc fusions with 31 (209–239), 21 (214–234), and
11 (219–229) amino acids and determined their level of palmitoy-
lation by PORCN (Fig. 9). HEK293T cells were co-transfected with
these fusion constructs along with GFP or PORCN and then labeled
with 3H-palmitate (not shown) or Alk-C16 (Fig. 9). Alk-C16 labeled
cell lysates were immunoprecipitated, subjected to click chemistry,
and analyzed by western blot. The fusion proteins with the 31 and
21-residue WNT1 peptides incorporated Alk-C16 (Fig. 9). However,
there was no observed palmitoylation of the 11-residue peptide,
which lacks the outer pair of cysteine residues (Fig. 8B and C).
These data suggest that the outer disulﬁde bridge plays a critical
role in deﬁning the PORCN recognition site.
In sum, we have determined that the 21-residue WNT1 peptide
spanning amino acids 214–234 is the shortest fragment that is suf-
ﬁcient to serve as a substrate for PORCN-dependent palmitoylation.4. Discussion
4.1. Identiﬁcation of a minimal WNT1 palmitoylation sequence
In this manuscript, we have identiﬁed a short WNT1 sequence
that is sufﬁcient for the palmitoylation of WNT1 by PORCN. First,
we show that a serine or threonine residue is required as the fatty
acyl acceptor. The minimal sequence is around 21 amino acids long
andneednot be glycosylated. In addition to thepalmitoylated serine
or threonine, there are 6 other completely conserved residues, 4 cys-
teines (C218, C220, C227, andC232) and2glycines (G222andG225),
which are likely required to maintain a structural epitope. Based on
results obtainedwithXWNT8,we expect that C218 andC232 aswell
as C220 and C227 are linked by disulﬁde bridges [30] (Fig. 8B). These
two bridges create a ﬁngerlike projection with the palmitoylated
serinepresent at the tip of theﬁnger.When this sequence is trimmed
to 11 amino acids, the disulﬁde bond at the base of the ﬁnger (C218–
C232) is removed and the peptide is no longer an efﬁcient substrate
for PORCN palmitoylation. Thus, it seems likely that the structure
provided by these two residues is key for recognition of WNT1 by
PORCN. Our data agree well with those of two recent publications,
which show that these two cysteines are required for the palmitoy-
lation and biological activity of WNT3A [55].
As glycine residues are known to confer ﬂexibility to a polypep-
tide chain, we further speculate that G222 and G225 permit
Fig. 8. Cross-species alignment of Wnt1 shows a conserved serine or threonine residue involved in PORCN-dependent palmitoylation. (A) A comparison of Wnt1 sequences of
various animal species was performed using a Clustal Omega cross-species alignment. The sequences corresponding to the 31-residue fragment are shown in this alignment.
The 5 amino acids on each end of this peptide, which are not required for palmitoylation, are shown in gray. This alignment shows that the moon jelly has a threonine residue
in place of the serine. Furthermore, the conservation of only 6 of the 20 internal residues ﬂanking the palmitoylated serine/threonine (yellow) suggest the importance of the
four cysteine residues (green) and the two glycine residues (blue). (B) Based on the known structure of XWNT8 [30], we present a working model of the secondary structure of
chick WNT1. The carbons of the palmitate group are shown as black dots while the oxygens are depicted by red dots. Symbols are deﬁned as follows: ‘‘⁄’’ = identical;
‘‘:’’ = conserved substitution; ‘‘.’’ = semi-conserved substitution.
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the two disulﬁde bridges. However, in the case of WNT3A, the gly-
cine residue (G207) preceding the palmitoylation site (S209) is
required for palmitoylation and biological activity whereas the gly-
cine immediately after the palmitoylation site (G210) is not [56].
In sum, the identiﬁcation of the WNT1 minimal sequence repre-
sents an important step forward for the design of short PORCN
substrates, which can be used in enzymatic assays. Our studies also
provide a model system for elucidating the substrate speciﬁcity of
other MBOAT proteins.
4.2. Comparison of substrate speciﬁcity of HHAT, GOAT and PORCN
Members of the MBOAT family utilize a wide variety of acyl
acceptors, including diacylglycerol, lysophospholipids, sterols,
and proteins [9,18,21,57–64]. To date, the only MBOATs known
to acylate protein substrates are GOAT, HHAT/RASP, and PORCN
[9,18,21,58,61,64]. Though related in overall function, mouse
PORCN shares only 22% identity with GOAT and HHAT. Thus, it is
conceivable that the requirements for their peptide substrates
are different. One of the striking differences is the minimal length
of the peptide substrate. Whereas PORCN requires a peptidebetween 11 and 21 amino acids, HHAT requires 6 amino acids
and GOAT requires only 4 [65]. One possible reason for this distinc-
tion is that the palmitoylated cysteine of SHH is located at the
N-terminus while the octanoylated serine of Ghrelin is at the 3rd
amino acid from the N-terminus [66]. By contrast, for Wnts, the
palmitoylated serine is far from the N- and C-termini and is
situated at the tip of a loop, which is stabilized by disulﬁde bonds,
requiring additional residues for Porcupine recognition.
Moreover, the type of linkage generated by GOAT, HHAT, and
PORCN also varies. While GOAT and PORCN generate ester linkages
to serine (GOAT, PORCN) and threonine (PORCN) residues
[21,38,64], HHAT/RASP promote the formation of a thioester link-
age on the N-terminal cysteine residue, which then rearranges to
an amide linkage via an intramolecular S-to-N (or O-to-N) shift,
producing an amide-linked palmitate [58,65]. HHAT, but not RASP,
can also utilize a serine in place of the cysteine [65].
4.3. The palmitoylation and biological activity of WNT1 are closely
correlated
To test the correlation between WNT1 palmitoylation and bio-
logical activity, we assessed the biological activity of wild-type
Fig. 9. The minimal length of the WNT1 substrate is 21 residues. HEK293T cells
were co-transfected spGFP:WNT1 (x–y):Fc fusions proteins with either 31 (209–
239), 21 (214–234), or 11 (219–229) amino acids ﬂanking S224, along with GFP
(control) or PORCN. Cells were metabolically labeled with DMSO carrier ( Alk-C16)
or Alkyne-palmitate (+ Alk-C16) for 24hrs. After lysis, Fc containing proteins were
precipitated with protein A/G beads. Proteins bound to the beads were subjected to
bio-orthogonal click chemistry with biotin-azide, separated by SDS–PAGE and
analyzed by Western Blot. Western Blots were probed with anti-GFP followed by
Alexa680-conjugated secondary antibody (red) and IRDye800-conjugated strepta-
vidin (green). The blot was scanned using a Licor Odyssey CLX scanner. (A) Only the
31 and 21 residue Wnt1 fragments are able to incorporate Alkyne palmitate. (B)
Quantiﬁcation of the blots (800 nm/700 nm) shows that the 21 residue fragment
incorporates roughly 80% of the palmitate as does the 31 residue fragment. The 11
amino acid peptide does not incorporate any detectable palmitate. Data shown for
spGFP:WNT1 (209–239) are the average of four independent replicates. Although
data shown for spGFP:WNT1 (214–234):Fc and spGFP:WNT1 (219–229):Fc are
from a single replicate, it should be noted that we also measured the incorporation
of 3H-palmitate into spGFP:WNT1 (209–239), (214–234), and (219–229) fusion
proteins (data not shown). Similar results were obtained using both assays
(incorporation of Alk-C16 or 3H-palmitate). Error bars represent +/ standard
error. A Student’s t-test was used to assess statistical signiﬁcance.
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with previous work, WNT1S224A constructs were biologically
inactive in cell culture and in vivo [19]. Along the same lines, the
WNT1 S224C variant lacked biological activity in the 8xSuperTop-
Flash assay in cultured cells and in the proliferation and motor
neuron speciﬁcation assays in vivo. Surprisingly, this variant
exhibited inhibitory activity in the DI3 speciﬁcation assay. It is pos-
sible that the WNT1 S224C variant could form inappropriate disul-
ﬁde linkages with wild-type Wnts, thus acting as a dominant
negative inhibitor [55]. However, it is challenging to conjure up
mechanisms that would explain its inhibitory activity in just one
of three in vivo assays. On the other hand, we observed that
WNT1 S224T mutant was palmitoylated in a PORCN-dependent
manner and retained biological activity in the 8xSuperTopFlash
assay and in vivo. These data support the idea that palmitoylationof Moon Jelly Wnt which contains a threonine residue instead of
serine could generate biologically active Wnt.
Our results support the notion that WNT1 palmitoylation and
biological activity are closely correlated and are consistent with
recent studies involving WNT3A [56]. In addition to fatty acylating
human, mouse and Xenopus WNTs, PORCN mediates palmitoyla-
tion of chick WNT1 via the formation of an ester linkage at a serine
residue. Finally, our data establish PORCN as an O-acyl transferase
for chick WNT1 and lay the foundation for developing PORCN
enzymatic assays utilizing short substrate mimics.
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